of the optical geometry. A considerable myocardial oxygen gradient was detected using myoglobin deoxygenation as an indicator. The oxygenation level of myoglobin oscillated in pace with the contraction /relaxation cycle of the heart, deoxygenation occurring during the systole. The inconsistency in the previous reports on the myoglobin oxygenation and the problems of spectrophotometry of the beating heart are discussed.
The main level of regulation of cellular respiration in intact tissue is still in dispute.'-, Muscle tissue offers an opportunity to study the control of energy metabolism by virtue of the ease of experimental manipulation of the cellular energy consumption by changing the mechanical work load. Measurement of the redox-states of cytochromes is indispensable in studies on the state of the mitochondria1 respiratory chain in intact tissues. Reports exist on the monitoring of myocardial haemoproteins by spectrophotometric techniques4-' but no systematic studies exist on the validity of these methods at the level of the intact organ.
Spectrophotometric monitoring of a moving object, like a beating heart, is a procedure prone to artefacts. The present results, however, indicate that under defined conditions diffuse reflectance spectrophotometry of the living heart is a reliable method, and that the level of mechano-optical artefacts due to movements of the object of measurement is very low. Oxygenation /deoxygenation of myoglobin seriously interferes with the monitoring of the cytochromes only during pulses of anoxia. The results also indicate that the oxygenation state of myoglobin oscillates in pace with the contraction / relaxation cycle of the heart, deoxygenation occurring in the systole. 
Material and methods

A N I M A L S
Male Sprague-Dawley rats from the Department's own stocks were fed ad libitum up to the time of the experiment. The rats were anaesthetised with pentobarbital and injected intravenously with 500 IU of heparin before excision of the heart.
H E A R T P E R F U S I O N
The hearts were perfused by the Langendorff procedure with Krebs-Ringer bicarbonate solution8 containing (in mmol.litre-l) 118 NaCI, 4.7 KCI, 2.5 CaCI,, 1.18 KH,P04, 24.8 NaHCO, and 10 glucose and in equilibrium with O,/CO, (19:l) at a hydrostatic pressure of 7.85 kPa (80 cm H,O).
When studying the effects of oxygen tension, two reservoirs containing Krebs-Ringer bicarbonate in equilibrium with O,/CO, (19:l) or N,/CO, (19:l) respectively were used, and variable-speed proportioning pumps connected to a mixing chamber of 0.05 cm3 dead space was employed to obtain the desired aortic oxygen tension. An elevated overflow tube was used to keep the perfusion pressure constant. The perfusate reservoirs, connecting tubes and heart chamber were maintained at 37°C with water-jacketing and a thermostat.
When studying arrested hearts, the KCI concentration in the perfusion medium was increased to 16 mmol.litre-l and the osmolarity kept constant by reducing the NaCl concentration accordingly. 0 H was constructed according to the principles described by C h a n~e .~ Two Hilger & Watts type D292 grating monochromators with quartz condensers were used, and the light source was a Philips type 12258 tungsten-halogen incandescent lamp. One monochromator was equipped with a scanning motor.
M E A S U R E M E N T O F L E F T V E N T R I C U L A R P R E S S U R E A N D P E R F U S A T E O X Y G E N C O N C E N T R A T I O
The measure-minus-reference output of the circuitry was fed into a two-channel digital memory (Model 51 2A Transient Store, Physical Data, Inc., Portland, Oregon), which was used to store the reference spectrum when measuring the difference spectra. This digital memory was also used when recording rapid phenomena. An EM1 type 9514 S multiplier phototube was used. Suitable cut-off filters were used t o suppress the higher order spectra of the monochromators.
Results
O P T I C A L G E O M E T R Y
When the light guide was placed a t a distance from the heart surface (fig la), large movement artefacts were observed. The two transmittance methods used (fig 1 b and c) were sensitive t o the changes in the volume of the heart. Geometry (b) resulted in a marked decrease in the optical density of the heart upon arrest in the diastole. When rapid changes in the transmission spectrum of the heart were studied with the geometry (c) during the contraction / relaxation cycle, the absorbancy changes observed (not shown) were roughly proportional to the inverse fourth power of the wavelength, so that no details in the spectrum could be detected. Obviously the light scattering properties of the myocardium changed markedly. The geometry depicted in fig I d produced a stable read-out, and was thus adopted in the experiments reported below. 
R E F L E C T A N C E S P E C T R U M O F T H E H E A R T
The anoxia versus normoxia reflectance difference spectrum of the perfused heart is depicted in fig 3. 1. The contribution of myoglobin deoxygenation to this spectrum can be estimated by subtracting the spectral change elicited by perfusion with sodium cyanide (fig 3.2) , which only causes a reduction of detector a Amplifier the cytochromes. Both the cyanide-induced and anoxia-induced reflectance spectrum changes in the perfused heart are closely reminiscent of the corresponding conventional absorption spectra of a homogenate of haemoglobin-free perfused rat heart (fig 4) , which demonstrates the fidelity of the reflectance spectrophotometry method applied to the intact organ. The dependence of the reflectance myoglobin in vitro. ' The results also indicate that there is a steep oxygen gradient in the myocardium in the arrested heart, which has a low oxygen consumption, and that this apparent constant is only useful as a rough measure of the minimum arterial oxygen concentration necessary to maintain aerobiosis in the haemoglobin-free perfused heart.
The results depicted in fig 7, indicate that the haemoglobin-free perfused heart will tolerate a 25 % diminution in the arterial oxygen concentration before the oxygen supply becomes a limiting factor for oxygen consumption, using the oxidation reduction state of cytochrome c oxidase as an indicator of local anoxia. systole /diastole changes in ihe reflectance spectrum by the dual wavelengih method. The reference wavelengih was 580 nm, and the measurement wavelength was adjusied as shown by ihe experimental points. The reflectance decrease (absorbance increase) during the sysiole is shown.
The spectrum was consiructed by measuring the
C H A N G E S I N M Y O G L O B I N O X Y G E N A T I O N L E V E L D U R I N G T H E C O N T R A C T I O N I R E L A X A T I O N C Y C L E O F T H E H E A R T
Using the spectrum changes at 620 nm minus 580 nm as an indicator, recording of the rapid changes demonstrated that myoglobin deoxygenation occurs during systole (fig 8) . The magnitude of these rapid phenomena can be assessed by comparison with the normoxia-anoxia transition (fig 9) . which indicates that the fractional deoxygenation of myoglobin during the systole is quite small, only 6.5:; of the total.
The fact that these rapid changes are spectral changes and not merely movement artefacts is illustrated in fig 10, which shows the systole V S diastole spectrum of the heart recorded by the dual wavelength method. This spectrum is again closely reminiscent of the oxygen-dependent spectrum changes both in the perfused heart and in its honiogenate in vitro (figs 4 and 5).
Discussion
The present results indicate that diffuse reflectance spectrophotometric haemoprotein monitoring is practicable for studies on the isolated perfused heart. An apparent discrepancy exists, however, between the muscular contraction-dependent rapid haemoprotein spectrum changes observed here (deoxygenation in the systole), and the deoxygenation of myoglobin during the diastole and oxygenation during the systole reported by others:' Moreover, Fabel and Lubbers4 were unable to detect any contraction-induced reflectance spectrum changes in the beating heart. The differing results are difficult to explain otherwise than by assuming that the results are dependent on the optical geometry of the measurement system, which is different in each of these communications. Transmission spectroscopy of a beating heart is unsatisfactory because of the magnitude of the interfering light scatter changes. The influence of the measurement geometry is also probably the reason for the different isosbestic points of the spectra observed by Grote et n P compared with the present results and those of Tamura e t al. ' It is known that myocardial perfusion depends on the contractile state of the cardiac muscle, and a phase shift has been observed in the blood flow along the capillary bed." This takes the form of a decrease in the arteriolar blood flow velocity and an increase in capillary and venular blood flow velocity during contraction of the myocardium when studied in the subepicardial layer of the myocardium by kinematography in transillumination.ll The phasic subendocardial blood flow cannot be measured by the latter method, but evidence gathered by combining phasic coronary flow measurement with flow distribution measurement by the microsphere technique indicates that the subendocardial myocardium is dependent on diastolic capillary flow.12 The present results are obtained from the subepicardial layer, and suggest that the oscillation in the capillary flow velocity in the superficial layer makes only a minor contribution to the changes in the tissue oxygen concentration, since the effects of the phasic changes in oxygen consumption on the oxygen concentration are greater than the effect of the phasic changes in the capillary blood flow.
The oscillation in the oxygenation level of myoglobin was not intensified when the perfusate oxygen concentration decreased, indicating firstly that a large margin exists in the oxygen supply, and secondly that a high degree of damping occurs between the discontinuous ATP consumption by the contractile apparatus of the muscle cells and the cellular oxygen consumption. The reasons could be: I ) the large size of the phosphoreatine pool in cardiac muscle; and 2) energy expenditure due to the concentration initiating system, so that the pumping of calcium into the vesicles of the sarcoplasmic reticulum extends the time needed for ATP consumption into the diastolic phase.
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